Introduction
conductors; it is distal from the main fluid conduit (the Dufferin Lake Fault; Fig. 1D ); there is a paucity of graphite in the basement (Reid et al., 2010) ; the deposit is not associated with a major reverse fault system, as are most deposits in the basin (Thomas et al., 2000) ; and the deposit has low Ni, Cu, Co, Zn, and Pb contents more akin to the orebodies of the McArthur River deposit (Thomas et al., 2000) . An additional particularity of the Centennial deposit is the large amount of uranyl minerals, which are much more prevalent than in any other Athabasca Basin deposit. Research on the Virgin River project has been minimal, and it is the goal of this paper to provide new petrological, geochemical, and geochronological data to understand the formation and evolution of this deposit and explain some of its distinguishing features.
Geologic Context
The Archean and Paleoproterozoic sub-Athabasca Group basement at the Virgin River project belongs to the Virgin . In C are shown the conductive lithology and the main conductors (defined by airborne geophysics), as well as the drill holes sampled in the Virgin River-NNE zone. The outline of the Centennial deposit, with its drill holes to date, is shown in D. An interpretive cross section, corresponding to fence VR31 (pilot hole and five wedges), is shown in E.
E R M U D J A T IK W O L L A S T O N L A R O N G E R O T T E N S T O N E
River Domain, which is the westernmost part of the Cree Lake mobile zone of the Hearne province (Fig. 1B) . It is bounded to the west by the Lloyd Domain of the Rae province, and the contact is marked by the Virgin River shear zone. The exposed part of the shear zone, observed farther south, consists of a 4.5-km-wide zone of cataclasites and mylonites. At Centennial, the Virgin River Domain is represented by metasedimentary and metavolcanic rocks, supracrustal schists and gneisses, felsic and mafic gneisses, and deformed Hudsonian-aged granitoids (Chandler, 1978) . Metamorphic grade ranges from upper greenschist to lower amphibolite; retrograde greenschist facies is widespread. Intensive paleoweathering, consisting of kaolinite in the upper portions of the profile and illite and chlorite in the lower portions, affected the basement rocks prior to deposition of the Athabasca Group sediments. The Athabasca Basin initially formed at ca. 1750 Ma as a series of three NE-SW-oriented subbasins (Armstrong and Ramaekers, 1985; Kyser et al., 2000) . Basin fill, up to 2 km thick, consists of thick clastic sequences of Paleoproterozoic age derived from the rapid exhumation of the Trans-Hudson orogenic belt (Ramaekers, 1990) . At Centennial, the Athabasca Group is 800 to 900 m thick and consists entirely of the Manitou Falls Formation. The Manitou Falls-a member is represented by interbedded, matrix-supported quartz pebble conglomerate and poorly sorted medium-grained sandstone. The Manitou Falls-b member is dominated by medium-grained quartz sandstone with a substantial component of poorly sorted, clast-supported conglomeratic sandstone; however, it is only rarely present in the area. The Manitou Falls-c member is a relatively clean, medium-to coarse-grained sandstone with thin (<2 cm) granule and pebble beds. The Manitou Falls-d member is also a relatively clean, medium-to coarse-grained sandstone, but is characterized by the presence of a significant amount of clay intraclasts. The top 200 to 250 m of the Manitou Falls Formation is strongly silicified by quartz overgrowths, while moderate to strong desilicification is observed in the lower parts.
The major structural feature in the Virgin River project is the major NE-SW-oriented, NW-dipping, dextral oblique Dufferin Lake thrust fault. This structure has a strike length of more than 50 km and affects all rock types present (Fig.  1C) , with a significant (ca. 250 m) post-Athabasca Group displacement (Reid et al., 2010) thrusting the western side up.
The Athabasca Group sedimentary rocks and the basement complex are intruded by a series of NW-trending mafic dikes belonging to the Mackenzie dike swarm (Cumming and Krstic, 1992; Fig. 1A) . The dike trend corresponds to tensional directions associated with left-lateral movement along Hudsonian faults (Hoeve and Sibbald, 1978; Sibbald and Quirt, 1987) . These intrusive rocks range from 1 m to several hundred meters in width and have a U-Pb age of 1267 ± 2 Ma (Le Cheminant and Heaman, 1989) . At Centennial, several diabase dikes and sills are observed (Fig. 1E ) and are probably related to the same magmatic event.
The Centennial deposit forms a NNE-SSW trend over a length of at least 650 m (Fig. 1D) and is found at a depth of approximately 800 m. The mineralization extends continuously from a few meters into the Athabasca Group to up to 30 m into basement ( Fig. 1E ; Jiricka and Witt, 2008) . Several high-grade intercepts have been described, with the most significant containing ca. 8.8 wt % U3O8 over 34 m (drill hole VR31-W3; Jiricka and Witt, 2008) . Several small, lower-grade bodies of "perched" U mineralization are also present within the Athabasca Group, up to 100 m above unconformity.
Analytical Methods

Samples studied
Two hundred and fifty sandstone and basement samples were collected from most drill holes from the Virgin River project (Fig. 1C) and from a drill fence across the Centennial deposit (drill hole VR31, wedges 1-5: Fig. 1D, E) . These samples represent all rock types, alteration styles, and mineralization types observed macroscopically. Polished thin sections were made from all samples and were used for petrological observations, using reflected and transmitted light microscopes and a scanning electron microscope (SEM), to establish the mineral paragenesis.
Electron microprobe analyses
The chemical compositions of alteration clay minerals and of U minerals were determined using electron microprobe analyses on the polished thin sections, using the 4 spectrometer Camebax MBX at Carleton University and the 5 spectrometer Cameca 100SX at the University of Manitoba. In both cases, the analytical conditions were as follows: acceleration voltage 15 KeV, beam current 20 nA, and beam size 2 mm. The background was measured on each side of the peak for half of the peak measuring time, which was between 20 and 50 s for the different elements. A suite of well-characterized natural and synthetic minerals and compounds was used for calibration standards.
Clay extraction
Alteration clay minerals were extracted from coarsely crushed samples (>1.4 mm) by ultrasound disintegration and were separated into size fractions by centrifugation (i.e., <2 µm, 2-5 µm, 5-10 µm, and >10 µm). All fractions were analyzed by X-ray diffraction (XRD) using a Philips (now known as Panalytical) X'pert Pro MPD system at Queen's University equipped with an X'celerator (high-speed) detector, copper target, 0.02° radian Söller slits on both incident and diffracted rays, a divergent slit of 0.5°, and an anti-scatter slit of 1°. The analytical conditions were as follows: step of 0.1° and counting time of 10 s. In all cases, the analysis was performed between 5 and 40° 2θ, the accelerating voltage was 40 kV, and the current was 45 mA. Only pure, monomineralic separates (defined as having a minimum of 95% of one mineral, based on XRD results) were selected for subsequent stable isotope analyses.
Stable isotope analyses
For oxygen isotope analyses, approximately 5 mg of mineral separate was reacted with BrF 5 at ca. 550°C overnight. The extracted oxygen was converted to CO 2 in contact with a heated graphite rod, and the CO 2 was then analyzed offline using a Finnigan MAT 252 isotope ratio mass spectrometer (IRMS) at Queen's University (Canada). For hydrogen isotopes analyses, encapsulated mineral separates were introduced in an automated TC/EA device, where hydrogen was separated and then analyzed online using a DeltaplusXP IRMS at Queen's University, Canada. Replicate δ 18 O analyses were reproducible to ±0.2‰, and δD values were reproducible to ±3‰. The results are given in the customary δ (δD and δ 18 O) notation, relative to Vienna standard mean ocean water (V-SMOW). The isotopic composition of H 2 O-dominated fluids in equilibrium with the minerals analyzed was calculated using the fractionation factors of Eslinger and Savin (1973) for water-illite, Land and Dutton (1978) for water-kaolinite, and Yeh and Savin (1976) for water-chlorite. Hydrogen isotope fractionation factors used are those proposed by Yeh (1980) for water-illite, Gilg and Sheppard (1996) for water-kaolinite, and Graham et al. (1987) for waterchlorite.
Clay minerals formation temperature
The formation temperatures used for the fractionation calculations were estimated from the chemical composition of illite and chlorite and from literature data for kaolinite. For illite, a temperature of 180 ± 10°C was obtained using the molar fraction of pyrophyllite (20%, based on K, Al IV , and Si IV ; Cathelineau, 1988 ). This temperature is very similar to that obtained if the factor K + (Fe-Mg) in illite is considered (ca. 200 ± 25°C; Battaglia, 2004) . The temperature of 180°C is preferred, as the method is calibrated for similar temperatures and gives a better uncertainty margin. For chlorite, both oxide composition (SiO 2 , TiO 2 , and CaO, based on the data of Cathelineau and Nieva, 1985) and site occupancy (Al IV ; Walshe, 1986; Cathelineau, 1988) were used, giving a temperature on the order of 200°C, with a fairly large uncertainty margin (±30°C). A similar temperature of ca. 190°C was obtained when the crystallinity of chlorite was considered (Arkai, 1991) , but this temperature was not used, as there are uncertainties about the method calibration and XRD results variability. For kaolinite, neither mineral chemistry nor crystallinity can give reliable temperature estimates, so its formation temperature was estimated based on geologic factors, such as burial depth and literature data. Assuming a depth of 4 to 5 km during early diagenesis (e.g., Ramaekers, 1990 ) and a geothermal gradient of 30°C/km, the kaolinite formation temperature would be in the order of ca. 150°C, which is not dissimilar to what has been suggested for other parts of the basin Cloutier et al., 2009 ).
U/Pb geochronology
U/Pb dating of U minerals was performed on polished thin sections by laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) at Queen's University, Canada (Chipley et al., 2007) . The laser used is the Mercantek ® LUV213 Laser Ablation System with a frequency quintupled Nd-YAG (213 nm) used in spot mode. The laser conditions included laser power output of 30 to 40% (<1 mJ/cm 2 ), pulses of 50 ms with repetition rate of 2 Hz, and spot size of 25 to 35 µm. The high resolution-inductively coupled plasma-mass spectrometry (HR-ICP-MS) instruments used are a doublefocusing ThermoFinnigan Element2 used in medium resolution and in peak-jumping mode, and a multicollection Thermo Finnigan Neptune, equipped with nine Faraday cups and 10 11 Ω amplifiers for each.
Weak acid leaching
Weakly bound or adsorbed U and Pb were analyzed using the weak acid leaching method of Holk et al. (2003) at Queen's University (Canada). About 0.5 g of sample (size fraction 0.5-1.2 mm) and 5 ml of 0.02 M HNO3 were loaded into a polyurethane tube, placed in an ultrasonic bath for 120 min, and then centrifuged. One g of the liquid was diluted to 50 g with 115 Inspiked 0.02 M HNO 3 acid, and the Pb isotope ratios and trace element concentrations were measured using a ThermoFinnigan Element2 HR-ICP-MS. The Pb isotope ratios were calculated using the signal intensities (counts/s) in low-resolution mode and have an average uncertainty of ca. 1%, based on repeat analyses. Corrections were made for procedure and analytical blanks, interferences from Hg, instrumental drift, and mass fractionation (Holk et al., 2003; Alexandre et al., 2009) .
Results
Paragenetic sequence
Petrographic observations of Virgin River project samples using reflected and transmitted light and SEM (Fig. 2) indicate that the predominant detrital mineral present in the Manitou Falls Formation is quartz, with minor muscovite, tourmaline, and zircon. The quartz grains are usually rounded (Fig. 3A) and are typically less than 2 mm in diameter. As an expression of the early diagenetic stages, quartz precipitates as overgrowth rims, typically under 100 µm thick, on detrital quartz grains, underlain by a fine coating of hematite (indicating early oxidizing conditions; Fig. 3A) , and locally resulting in complete disappearance of initial porosity in the sample. This silicification, which apparently occurred during early to peak diagenesis, is mostly observed in a layer situated at the base of the Manitou Falls-d member (between ca. 240 and ca. 310 m above the unconformity), where the initial porosity is entirely filled with quartz and very minor finegrained kaolinite. This stage is followed by the formation of fine-grained kaolinite and of minor acicular, or spherulitic, dravite (Fig. 3A, B) . Desilicification, manifest as the dissolution of the quartz overgrowth rims, occurs close to the unconformity and is accompanied by minor coarse-grained kaolinite (Fig. 3B) . Near the uranium mineralization, late diagenesis pre-uraninite alteration is manifest as illite alteration of kaolinite, most often manifest by illite pseudomorphs of kaolinite (Fig. 3C ). The relatively rare newly formed chlorite cutting across a kaolinite-illite mixture and the presence of chlorite pseudomorphs of kaolinite indicate that chlorite formed after kaolinite and illite (Fig. 3D) . However, the relationship between illite and chlorite is less clear, as there is relatively little chlorite and their mutual crosscutting relationships are not always very well visible. Minor pyrite and rutile (indicating reducing conditions) seem to have formed after illite, as they form euhedral to subhedral crystals that crosscut illite. Minor euhedral quartz formed in mm-sized open fractures sometime after the pre-ore clay alteration, possibly after the early, disseminated uraninite.
At least four distinct types of U mineralization can be described at the Virgin River project. The first type, observed only in the Virgin River-NNE area but not at Centennial deposit sensu stricto, consists of disseminated uraninite grains not exceeding 0.5 mm across and precipitating in secondary porosity between quartz, rutile, pyrite, and clay mineral grains ( Fig. 4A ), suggesting that it formed after these minerals. This uraninite is followed by narrow dravite veins, not exceeding 1 mm across, cutting across all these minerals. Ni, Co, and Cu sulfides formed next, indicating that reducing conditions were still prevalent and that the f S 2 was relatively high. The disseminated uraninite has been unevenly altered, as indicated by variability of its reflectance. Another type of U mineralization, forming the bulk of the ore at Centennial, consists of massive uraninite associated with hematite ( Fig. 2) . The presence of hematite indicates that oxidation of Fe 2+ to Fe 3+ was associated both temporally and spatially with reduction of U 6+ to U 4+ and its precipitation as uraninite (e.g., Alexandre et al., 2005) . The massive uraninite is almost invariably heavily altered, as indicated by zones of varying reflectivity, porosity, and a generally mottled appearance (Fig. 4B) ; only very small portions remain relatively fresh. The temporal relationship between the disseminated uraninite observed at Virgin River-NNE and the massive uraninite at Centennial is uncertain, as they were not observed in the same sample. At some point, a network of diabase dikes and sills was emplaced at Centennial (Fig. 1E) . The diabase dikes seem to intrude the main U mineralization of massive uraninite, based on the relatively sharp contacts between the diabase dike and 390
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At Centennial, a distinct U mineralization type is represented by colloform uraninite (Fig. 4B ), which differs from the earlier massive uraninite by its very low degree of alteration and by its preservation of initial textures. Colloform uraninite rarely exceeds 0.5 mm in size and formed on the surface of the earlier massive altered uraninite (Fig. 4B) . Its presence suggests the persistence of reducing conditions at Centennial.
The last U mineralization type observed at Centennial is represented by small amounts of coffinite and uranophane (Fig. 2) . Both form in fractures from 1 to 200 µm across and can form dense stockworks in hand sample and at the microscopic scale, particularly uranophane. Uranophane accounts for up to 5% of the mineralization at Centennial and often forms typical well-defined needle-shaped crystals ( Fig. 4C ), suggesting that it precipitated from a fluid rather than as an in situ alteration product of uraninite. The presence of a uranyl mineral such as uranophane at Centennial indicates a change to oxidizing conditions. Uranophane formed very late, as it crosscuts all other minerals, with the exception of some calcite and goyazite (Sr-Al phosphate).
The mineral paragenesis observed at the Virgin River project is comparable to that in other sandstone-hosted deposits in the Athabasca Basin (e.g., Thomas et al., 2000; Alexandre et al., 2009; Jefferson et al., 2007) , with quartz overgrowths, a small amount of dravite, followed by illite and chlorite alteration associated with the U mineralization, minor sulfides, and predominantly disseminated uraninite. The atypical features of the Centennial U mineralization are the presence of strongly altered massive uraninite, later colloform uraninite dissociated from the main U stage, and a large amount of uranyl minerals, which have not been described elsewhere in the Athabasca Basin (e.g., Thomas et al., 2000) .
Chemical composition of the alteration clay minerals
Kaolinite has a typical composition of ca. 46.7 wt % SiO 2 , ca. 38.6 wt % Al 2 O 3 , and minor Fe, Mg, and Na (Table 1 ). The total is ca. 86.4 wt %, with the remainder of about 14 wt % being H 2 O (Deer et al., 1992) .
Illite from the Virgin River project has relatively high K (ca. 7.5 wt % K 2 O) and is therefore not very interlayer deficient (K of ca. 0.9 apfu). In addition, the illite has relatively low degrees of octahedral site substitution (FeO and MgO of ca. 0.7 wt % each). Considering the interlayer deficiency and the octahedral site substitution, illite from the Virgin River project is very close to the ideal muscovite end member (Fig. 5A ) and, given that it is relatively fine grained (Fig. 3C) , it could be called sericite. When compared to illite compositions from other deposits in the Athabasca Basin, illite from the Virgin River project has the lowest degree of interlayer deficiency (Fig. 5A) . The clearest differentiation between illites from basement-hosted and from sandstone-hosted systems seems to be the octahedral site substitution. From this point of view, illite from the Virgin River project is comparable to that of other sandstone-hosted systems in the basin, particularly the Maurice Bay deposit on the northwest margin of the basin ( Fig. 5A ; Alexandre et al., 2009 ). Additionally, it has been suggested that low interlayer deficiency and low degree of octahedral site substitution are typical for illite from Athabasca Basin ore zones (Quirt, 2010) .
Chlorite from the Virgin River project has low Mg and Fe (MgO of ca. 6.0 wt % and FeO of ca. 1.8 wt %) and high Al (Al 2 O 3 of ca. 32.8 wt %; Table 1 ), close to the ideal sudoite composition ( Fig. 5B ; Deer et al., 1992) . Chlorites from sandstone-hosted deposits in the Athabasca Basin are typically dioctahedral (e.g., Percival and Kodama, 1989; Fig . 5B), with the exception of the Wheeler River chlorite, where the contribution from basement fluids may explain their partially trioctahedral character ( Fig. 5B ; Cloutier et al., 2009 ). Nevertheless, chlorites from the Virgin River project are typical of sandstone-hosted deposits in the Athabasca Basin (Fig. 5B) .
Hydrothermal acicular tourmaline from the Virgin River project (Fig. 3A) contains less Mg and more Al (MgO ~7.8 wt %, Al 2 O 3~3 7.0 wt %; Table 1 ) than typical dravite (MgÕ 13.7 wt %, Al 2 O 3~3 0.1 wt %: Deer et al., 1992) . Compositionally, it is closer to magnesiofoitite (Hawthorne et al., 1999) than to dravite. Its total is ca. 83.5 wt %, due to the fact that B and H 2 O were not measured; it would be close to 100% with the expected ca. 11 wt % of B 2 O 3 and ca. 4 wt % of H 2 O.
Stable isotopes
Diagenetic kaolinite at the Virgin River project has δD and δ 18 O values of -85 to -52‰ and 15.6 to 16.9‰, respectively (Table 2) . Compared with other sandstone-hosted systems in the Athabasca Basin, the fluids in equilibrium with kaolinite from the Virgin River project have similar δD values but higher δ 18 O values (Fig. 6) .
Pre-U illite from the Virgin River project has δD of -40 to -60‰ and δ 18 O of 9.6 to 11.4‰ (Table 2) . When the fluids in equilibrium with illite are compared with other deposits in the Athabasca Basin, they have slightly lower δ 18 O (ca. 3‰) but similar δD values (ca. -40‰; Fig. 6 ).
Pre-U chlorites from the Virgin River project have a large variation in both O and H isotope composition, with δD of -100 to -43‰ and δ 18 O of 7.0 to 11.7‰ (Table 2 ). The lowest δD values are probably caused by the recent interaction with modern meteoric fluids, which have δD values of ca. -130‰, preferentially affecting the H composition but not the O values (Wilson and Kyser, 1987) . When the least affected analyses are considered, the fluids in equilibrium with the Virgin River project chlorite vary between -18 and 1‰ for δD and between 1.7 and 4.3‰ for δ 18 O (Table 2) and are slightly higher than fluids related to pre-U chlorites from other deposits in the Athabasca Basin (Fig. 6 ).
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U-Pb geochronology
The four discrete types of U mineralization described earlier (Figs. 2; 4) were analyzed by LA-ICP-MS (Table 3 ; Fig.  7 ).
Disseminated uraninite observed at Virgin River-NNE (Fig.  4A) shows strong radiogenic Pb loss, and all U-Pb analytical points are situated close to the origin (Fig. 7A) . However, two distinct discordia lines were defined, based on the 207 Pb/ 206 Pb ages obtained (Table 3) , with upper intercepts at 1471 ± 37 and 1593 ± 47 Ma (Fig. 7A) (Table 3 ). The age of 1593 Ma is the same as that of the main U deposition event proposed for the Athabasca Basin (Alexandre et al., 2007) . The large analytical uncertainties for these ages reflect the strong loss of radiogenic Pb, causing highly discordant analyses (Fig. 7A) . The main stage massive uraninite is most often altered to a varying degree, with very few samples showing no visible alteration (Fig. 4B) . The analyses of this apparently fresh uraninite correspond to a single discordia line, with an upper intercept of 752 ± 65 Ma and a lower one of 61 ± 24 Ma (Fig.  7B) . The corresponding 207 Pb/ 206 Pb ages average at ca. 640 Ma (Table 3 ).
All analyses of the variably altered main stage massive uraninite, which is the most abundant uranium phase at Centennial (Fig. 4B, C) , form a single discordia line with an upper intercept at 350 ± 5 Ma, a lower intercept indistinguishable from the origin, and an average 207 Pb/ 206 Pb age of 335 ± 21 Ma (Fig. 7C) . However, the majority of the analyses are inversely discordant (plotting above the concordia line), whereas only a few are normally discordant (Fig. 7C) . The inversely discordant points are from the most strongly altered uraninite, whereas the few normally discordant analyses correspond to the least altered zones of this uraninite. The inversely discordant data require either addition of Pb or loss of U. Lead is not compatible with the structure of uraninite and cannot be incorporated into its crystalline structure (e.g., Janeczek and Ewing, 1992; Finch and Murakami, 1999) . If excess Pb is present within the areas analyzed, it can only be present as distinct mineral domains such as micron-size galena grains. However, larger grains of galena were observed in this sample, suggesting that Pb is not present as galena microinclusions in uraninite and therefore supporting the possibility that U has left uraninite in response to the strong alteration observed (Fig. 4B, C The late colloform and alteration-free uraninite observed at Centennial (Fig. 4B, C) has U-Pb isotope compositions that define a single and well-defined discordia line with upper intercept at 384 ± 13 Ma and a lower intercept of 2.45 ± 0.95 Ma (Fig. 7D) . The corresponding 207 Pb/ 206 Pb ages vary between ca. 50 and ca. 400 Ma, with most at ca. 350 Ma. The absence of visible alteration in the colloform uraninite (Fig. 4C ) and the loss of radiogenic Pb during the recent event would suggest that the upper intercept corresponds to its initial formation.
Analyses of well-crystallized uranophane (Fig. 4D) give two discordia lines with imprecise upper intercept ages (ca. 460 and ca. 890 Ma) and lower intercept ages at 2.45 ± 0.49 and 1.21 ± 0.40 Ma (Fig. 7E) . Because of the very low amount of Pb, the 207 Pb/ 206 Pb ages are imprecise and highly variable, ranging between ca. 50 and ca. 750 Ma (Table 3) . Most of the U-Pb analytical points are near or at the lower intercept (Fig. 7D) , underlining the uncertainty of the upper intercept ages. 
THE CENTENNIAL UNCONFORMITY-RELATED URANIUM DEPOSIT, SOUTH-CENTRAL ATHABASCA BASIN, CANADA
Weak acid leaching
The U concentrations and the Pb isotope compositions of the weakly bound and adsorbed fraction analyzed by weak acid leaching vary as a function of proximity to the unconformity and to the deposit (Fig. 8, Table 4 ). Near the present-day surface, leachable U concentrations are often below 1 ppb, and the 207 Pb/ 206 Pb ratios vary between ca. 0.5 and ca. 0.8 (Table 4 , Fig. 8) . At or near the unconformity, leachable U exceeds 10 4 ppb and the 207 Pb/ 206 Pb ratio drops below 0.1 (Table 4) . Samples from the northernmost drill hole, situated ca. 6 km to the north of the Centennial deposit (VR05; Fig. 1C) , have U concentrations slightly above the detection limit and 207 Pb/ 206 Pb ratios of ca. 0.7 to 0.8 (typical of common Pb), irrespective of depth (Table 4) (Fig. 9) underline the difference in mobility of U and Pb. The 207 Pb/ 206 Pb ratio of ca. 0.1 associated with the samples with the highest leachable U concentrations corresponds to an age of ca. 1.6 Ga, which is the age for the formation of the majority of the unconformity-related deposits in the Athabasca Basin (Alexandre et al., 2007) .
Discussion
Timing of the mineralization events
The disseminated and relatively low grade uraninite mineralization, observed only at Virgin River-NNE (Fig. 4A) , was dated at 1593 ± 47 Ma using U-Pb isotope compositions, confirmed by the corresponding average 207 Pb/ 206 Pb age (Fig.  7A ). This age is the same as the one suggested for the majority of unconformity-related U deposits in the Athabasca Basin (Alexandre et al., 2007) , indicating that the Virgin River area was involved in this basin-wide U deposition event.
The visibly unaltered main stage uraninite (Fig. 4B) gives an age of 752 ± 65 Ma, whereas the porous and variably altered massive uraninite (Fig. 4C) has an age of 350 ± 5 Ma (Fig. 7C) . Both ages are much lower than what has been suggested for any deposit in the Athabasca Basin (Baadsgard et al., 1984; Carl et al., 1992; Cumming and Krstic, 1992; Philippe et al., 1993; Alexandre et al., 2007) . The late colloform uraninite formed at 384 ± 13 Ma (Fig. 7D) . Petrographically, it postdates the main stage massive uraninite (Fig.  4B, C) , probably using some of the U removed from the massive uraninite, as suggested by the porous quality of the latter and its inverse discordia U-Pb analyses (Fig. 7C) . This discrepancy suggests that the age of ca. 350 Ma does not correspond to an actual geologic event (e.g., a period of fluid circulation), but rather to the combined effects of (1) repeated disturbances to the U-Pb isotope system of this uraninite, and (2) its high porosity (Fig. 4C) , which might have made it strongly reactive with fluids even after the formation of the colloform uraninite.
It could therefore be concluded that the ca. 350 Ma date can most probably be rejected as the initial formation age of the main stage massive uraninite at Centennial. This would seemingly mean that this uraninite formed at 752 ± 65 Ma, which is the only other age directly obtained on it (Fig. 7) . Another possibility is that the main stage uraninite formed much earlier, possibly as early as the disseminated uraninite at Virgin River-NNE (1593 ± 47 Ma) and many deposits in Bmnt. FIG. 8. 207 Pb/ 206 Pb ratios in the weakly bound phases, obtained by weak acid leaching, plotted as function of depth for selected drill holes (drill hole locations are shown in Fig. 1C ).
the Athabasca Basin (Alexandre et al., 2007) , but was subject to a total resetting at ca. 752 Ma. In support of this hypothesis is the fact that the main stage massive uraninite ore is crosscut by the diabase dikes (Reid et al., 2010) , which most probably belong to the McKenzie igneous event, dated at 1267 ± 2 Ma (Le Cheminant and Heaman, 1989) . There are other arguments suggesting that the age of ca. 752 Ma represents a resetting rather than a formation age for this uraninite: (1) this age has never been recorded as the formation age for the main stage ore for any deposit in the Athabasca Basin, and it has never been suggested for a main stage U ore in any U deposit in the Athabasca Basin (Baadsgard et al., 1984; Carl et al., 1992; Cumming and Kristic, 1992; Philippe et al., 1993) ; (2) it has been observed in several U deposits in the Athabasca Basin only as a perturbation age due to far-field tectonic events (e.g., Alexandre et al., 2007) ; (3) by the Neoproterozoic, the Athabasca Basin was well beyond its maximum depth and peak diagenesis, leading to lower temperatures (Kyser et al., 2000) and probably to conditions less suitable for the formation of a major U orebody. Considering that uraninite is a chemically active mineral and readily exchanges elements or recrystallizes during fluid circulation events, it is not implausible to suggest that the age of ca. 752 Ma obtained for the main stage uraninite at Centennial corresponds to such an event related to the breakup of Rodinia rather than to the initial formation age for this phase.
Therefore, the initial crystallization age for the main stage massive uraninite at Centennial is probably between 1267 (McKenzie dikes) and 1593 Ma (disseminated uraninite at Virgin River-NNE). It is even plausible to surmise that main stage uraninite formed closer to ca. 1593 Ma, as U deposition is documented in the area at that time (Fig. 7A) , as it is elsewhere in the Athabasca Basin (Alexandre et al., 2007) . In this case, the main stage massive altered uraninite at Centennial would have been subjected to several events that disturbed its U-Pb isotope system, removing U and Pb in different proportions. Pb/ 206 Pb ratio plotted as a function of U concentration in the weakly bound phases (weak acid leaching-ICP-MS), showing a mixture between common Pb, derived from low U sources, and highly radiogenic Pb, derived from sources with high U.
1989), the breakup of Rodinia, reflected by the 752 ± 65 Ma age, the fluid event leading to the formation of the colloform uraninite (ca. 380 Ma; Fig. 7D ), possibly Alpine tectonic activity in western Canada (the lower intercept age of 61 ± 24 Ma for the unaltered main stage uraninite), the recent formation of uranyl minerals, and recent Pb loss (Fig. 7C) .
The presence of such an array of ages indicates that the Virgin River system remained open to fluid circulation over most of its history and underlines the distinctiveness of the Centennial deposit in terms of fluid flow. Normally, such active fluid circulation would be detrimental to the preservation of U mineralization. For the Centennial deposit to be preserved, the fluids involved would have had to be reducing and poor in complexing elements such as P, C, F, and Cl, thus minimizing their ability to mobilize U. As a corollary, the whole Virgin River area would have had to be relatively well shielded from the more oxygen rich upper parts of the Athabasca Basin.
The late, unaltered colloform uraninite gives a single discordia line with a well-defined upper intercept at 384 ± 13 Ma (Fig. 7D) . Given that there is no indication of any alteration, recrystallization, or remobilization of this uraninite (Fig. 4B, C) , it was likely affected only by radiogenic Pb loss, as seen by the distribution of the Pb/U ratios (Fig. 7D , Table  3 ); therefore, the age obtained can be considered the formation age for this uraninite. Even though this is a relatively volumetrically minor mineralization stage of the Centennial deposit, such an age is highly unusual for U ore in the Athabasca Basin and has rarely been observed here. For example, in one of the few documented cases, the late uraninite from the Eagle Point deposit, situated on the northeast edge of the Athabasca Basin, gives a well-defined upper U-Pb intercept age of 403 ± 21 Ma (Cloutier, 2009 ). Thus, a significant fluid circulation event occurred at ca. 380 Ma in the south-central Athabasca Basin, strongly affecting the isotopic system of the massive altered uraninite, mobilizing part of its U, and precipitating the late colloform uraninite. This age is the same as that of the Antler orogenic event in the Canadian Cordillera (Burchfiel and Royden, 1991; Wright and Grove, 2008) . The eastward thrusting during this orogenic event was associated with deformation and fluid circulation in the Western Canada Sedimentary Basin (Root, 2001) , which extended over the Athabasca Basin (Fig. 1B) . The Antler Orogeny may have also affected fluid-conducting fault zones in the Athabasca Basin, some of which were associated with the uranium deposits, because these are structurally hosted.
The paragenetically late uranophane gives two discordia lines with upper intercepts at ca. 460 and ca. 890 Ma (Fig.  7D) , which could be interpreted as two stages of uranophane formation, and subsequent resetting at ca. 2 Ma (lower intercept ages), resulting in the loss of almost all radiogenic Pb. However, a formation age of ca. 460 or ca. 890 Ma contradicts the paragenetic position of the uranophane, which formed later than both the massive altered uraninite and the unaltered colloform uraninite (Fig. 2) . Both uranophane and late coffinite form swarms of µm-wide veins that crosscut all other uranium minerals present. Therefore, the uranophane formation age is probably ca. 2 Ma, which is the same age as the lower intercept obtained on late colloform uraninite (Fig. 7D ). This concurrence of ages clearly indicates that uranophane was formed during the same event (possibly Quaternary meteoric fluids penetrating to the unconformity) that disturbed the isotopic system of the late colloform uraninite, causing partial loss of its radiogenic Pb. The few discordant analyses of uranophane (Fig. 7E ) probably correspond to very limited amounts of radiogenic Pb incorporated into uranophane when it formed. The relatively large quantity of uranophane, not observed elsewhere in the Athabasca Basin, and the Devonian ages obtained on the massive uraninite underline the significant permeability that has existed at the Virgin River project. This permeability is probably related to the major Dufferin Lake Fault immediately to the west of the Centennial deposit (Fig. 1C) .
Clay alteration fluids
As discussed above, the Centennial deposit was affected by several fluid circulation events. The main alteration-and Urelated fluids in the Athabasca Basin are an evolved basinal brine and a reducing basement fluid, both of which are necessary to produce a deposit (e.g., Kotzer and Kyser, 1995) . The character of the alteration fluids from stable isotopes analyses of the alteration clays could be interpreted as a mixing between two sources: (1) a high δ 18 O and low δD fluid, recorded by kaolinite, that can either be low latitude, near coastal meteoric waters that have evolved as a result of extensive water-rock interaction, or a metamorphic or magmatic fluid (basement fluid), and (2) a lower δ 18 O and higher δD fluid, recorded by chlorite and possibly corresponding to evolved seawater (Fig. 6) . In other terms, the two fluids present are seawater and a fluid that either originated from the basement or acquired basement isotopic signature through extensive water-rock interaction. An alternative explanation could be the presence of a single fluid responsible for the preore clay alterations, which would be a seawater modified by a varying degree of water-rock interaction: low water/rock ratio for kaolinite (acquiring "rock-dominated" signature), intermediate for illite, and high for chlorite (close to the original seawater signature; Fig. 6 ). Both explanations are plausible, but it should be noted that pre-ore alterations in the Athabasca Basin are produced predominantly by evolved seawater (e.g., Kotzer and Kyser, 1995) .
Formation of the Centennial deposit
The diverse uranium mineral inventory, timing of the U mineralization-forming events, and fluid history of the Centennial deposit indicate that the deposit formed in a series of discrete stages. This is a departure from the evolution of unconformity-type U deposits in the Athabasca Basin, where remobilizations of U may occur locally, but are volumetrically insignificant. At Centennial, the main U stage, as represented by massive and variably altered uraninite, probably occurred as early as ca. 1.6 Ga, the same time as the disseminated uraninite observed at Virgin River-NNE (Figs. 2, 7 ). This U mineralization was followed by colloform uraninite at 384 ± 13 Ma and a late coffinite and uranophane stage at ca. 2.5 Ma. One of the causes for this recurrent U remobilization is most probably the high permeability of the sandstones in the Virgin River area, in part due to its proximity to the major Dufferin Lake Fault (Fig. 1C) . The crosscutting of the orebody by the diabase dikes, rarely observed in the Athabasca Basin, might have further increased the permeability of the immediate host rocks, leading to significant postdike fluid circulations.
Pb isotopes as an exploration tool
The utility of Pb isotopes in the exploration for uranium deposits in the Athabasca Basin has been demonstrated (Holk et al., 2003; Alexandre et al., 2009; Cloutier, 2009 (Table 4) vary with proximity to a U deposit (Fig. 8) . Even several km away, the Pb ratios in samples nearest the unconformity record a radiogenic source due to the strong permeability both of the basal portions of the Athabasca Group sediments and the highly permeable basement-sandstone unconformity (Cloutier, 2009 ). This is not observed in more distant parts of the Virgin River project, where samples from the lowermost sections of the Manitou Falls Formation taken only ca. 6 km to the north of the deposit (drill hole VR05, Fig. 1C ) have common Pb signatures with 207 Pb/ 206 Pb ratios of ca. 0.8 (Table 4) . Samples from immediately above the unconformity and situated ca. 3 km to the east from the center of the Virgin River-NNE area (drill hole VR13, Fig. 1C ) have radiogenic 207 Pb/ 206 Pb ratios of ca. 0.6 (Table 4 ). The rapid increase in the 207 Pb/ 206 Pb ratios toward common Pb values of ca. 0.8 over a few km underlines the usefulness of Pb isotopes, effective even at the project scale.
Summary
The Centennial deposit, situated on the south-central margin of the Athabasca Basin, presents several characteristics of a typical unconformity-related deposit as defined in the basin (e.g., Jefferson et al., 2007) , including mineralogy, chemical composition of the main alteration minerals, and origin of the fluids related to these alterations. However, the ore mineralogy of the deposit represents a clear departure from what has been observed elsewhere in the basin, in particular in the amounts of uranous and uranyl phases present at Centennial, reflecting a complex and protracted fluid history. The presence of the diabase dikes, probably part of the McKenzie igneous event, which crosscut the mineralization, not only gives an indication for the age of the main mineralization, situated at between 1.27 and 1.59 Ga, but also underlines the particular conditions favorable for the preservation of U ore here: in spite of a high permeability and the evidence of multiple fluid events, there is very little ore destruction observed at Centennial. This apparent contradiction between high permeability and multiple fluid circulation events on one side and uraninite ore preservation on the other can only be resolved by the character of the fluids involved, which can only have been reducing but also poor in complexing agents such as P, C, F, and Cl. Finally, the usefulness of Pb isotopes as an exploration tool is clearly demonstrated at Centennial, with low 207 Pb/ 206 Pb ratios, corresponding to radiogenic Pb, found in close proximity to the deposit.
